for ozone photolysis leading to 0( P) production photolysis rates may increase by 50% or more throughout the atmosphere due to multiple scattering by stratus clouds.
INTRODUCTION
Ever since Furman et al. [1985] reported a substantial (almost 50%) reduction in column ozone abundance during the previous decade over Halley Bay, Antarctica, and suggested that chlorine-containing compounds could be causing the observed depletion, the possibility of significant ozone loss over the polar regions resulting from anthropogenic emissions of chlorofluorocarbons has been a matter of considerable concern. The temporal and spatial evolution of this so-called "ozone hole" occurring over Antarctica during austral spring has since been closely monitored by ground-based as well as space-borne instruments.
Although no depletions of a similar magnitude have yet been reported in the Arctic, recent data from the Airborne Arctic Stratospheric Experiment (AASE) suggest that the Arctic stratosphere is chemically primed for ozone destruction and that depletions as large as 20% may have occurred inside the northern polar vortex [Brune, 1990; ProfJitt . et uZ., 19901 . First results from the AASE experiment were recently published in a special issue of Geophysical Research Letters (volume 17, number 4, 1990) . Indications of Arctic ', ozone depletions were also inferred from balloon data taken during 1989. These data suggest that an ozone depletion took place over Kiruna, Sweden (68" N) , in late January at an altitude of 22-26 km [Hoffmunn et al., 19891, and over Alert, Canada (82' N) comparison of total column ozone data from 1979-1980 with 1986-1987 indicated a decrease of 4-10% between 65" and 80" N during the period from November to February.
One consequence of the formation of "holes" in the Arctic ozone shield would be reduced stratospheric heating due to less ozone absorption of solar ultraviolet radiation.
This reduced heating may in turn lead to significant alteration in stratospheric circulation.
Another consequence which has caused widespread public concern, especially in the populated regions of northern Europe and Scandinavia, is the expected increase in harmful ultraviolet radiation reaching the biosphere as a result of an ozone depletion.
Measurements under the "ozone hole" in Antarctica have clearly shown that enhanced levels of biologically relevant ultraviolet radiation are directly linked to the observed decrease in ozone abundance [e.g., Lubin et al., 1989; Sfumnes et al., 19901 . These measurements also demonstrate that clouds have a profound effect on ultraviolet penetration.
The strong interaction of radiation with ozone and clouds as well as the natural (including biogenic) and anthropogenic origin of cloud condensation nuclei and trace gases important in the ozone chemistry provide a tight coupling between the stratosphere, the troposphere, the biosphere and human activities.
Variations in stratospheric ozone will modify the amount of solar ultraviolet radiation available for absorption in the atmosphere and at the surface. Such modifications may in turn lead to changes in (1) atmospheric composition through altered photochemistry,
circulation through changes in warming/cooling rate profiles, and (3) terrestrial ecosystems through modulations in biologically effective ultraviolet radiation reaching the biosphere.
Similar effects may result from redistributions of ozone from the stratosphere to the troposphere, caused by depletions in the stratosphere due to natural or anthropogenic processes, and/or enhancements in the troposphere due to industrial pollution. The response of the atmosphere-biosphere system to such photochemical, dynamical and radiative forcings is not well understood at present, but deserves careful consideration.
One necessary step towards a better understanding of this coupled system is an improved knowledge of the radiation field which determines atmospheric warming/cooling and photolysis rates as well as biological UV doses. An assessment of the sensitivity of these quantities to the changes in atmospheric composition is also essential.
One of the least understood components of this coupled system is the radiative effects of particulate clouds, as well as the environmental conditions leading to their formation and dissipation.
To some extent, problems related to the effects of solar elevation, surface albedo and cloud parameters such as optical depth, altitude and cloud fraction on ozone absorption have been studied by previous investigators.
For example, Shettle and Green [1974] Green [1978] , who found that absorption by tropospheric ozone renders the penetration of ultraviolet radiation of wavelengths shorter than 300 nm sensitive to cloud height and surface albedo, whereas for wavelengths longer than 300 nm penetration depends mostly on cloud optical depth. This was confirmed by Thompson [1984] , who considered photochemical production of ozone in an unpolluted troposphere.
The effects of clouds on tropospheric photolysis rates were also studied by Mudronich [1987] . More recently, Frederick and SneZZ [1990] analyzed data obtained from the Robertson-Berger meter network and concluded that at some locations the variations in erythemal dose due to alterations in cloudiness could be comparable to that resulting from trends in total column ozone.
In this paper we focus specifically on the combined effects of clouds and ozone on atmospheric warming and photolysis rates in the Arctic environment as well as on the penetration of ultraviolet radiation into the biosphere.
In section 2 we introduce four types of particulate clouds that are often observed in the summertime Arctic. The physical properties of these clouds are constrained by available observations and the spectral dependence of their optical characteristics are inferred from computations assuming spherical particles. In section 3 we discuss the particular ozone depletion scenario adopted in Stratus cloud (LWC=0.33g.m-3) Radius (pm) the present study including two ozone profiles in which the ozone is redistributed from the stratosphere to the troposphere in such a way that the total column content is kept constant. The spectral resolution utilized in the computations as well the radiative transfer model is also described in section 3. Our results are provided in section 4, where we present and discuss biological UV dose as well as atmospheric warming and photolysis rates for various combinations of ozone depletions and cloud conditions. A summary of this study is provided in section 5.
PARTKULA+IECLOUJIMODELS
We have considered four types of particulate clouds in this study: stratospheric aerosols, cirrus clouds (ice crystals), arctic haze, and arctic stratus clouds (water droplets Due to the scarcity of relevant observations we shall use these two parameters to define a mean state of the cloud and hence to provide a convenient approximation to the complex nature of clouds. Figure lb shows the crystal size distribution of equivalent area "spheres" with observed ice water content of 0.011 g mm3 adopted in this study from Stackhouse and Stephens [1991] . The optical depth for our cirrus cloud model is taken to be 1.2, which is close to the bulk of the observed values.
Stratospheric Aerosols

Arctic Haze
Arctic haze has been reported since the 1950s. An important feature of arctic haze is that it contains a substantial amount of anthropogenic compounds such as sulfur elements and graphitic particles. Based on available observations, Blanchet and List [1983] constructed a sophisticated physical model to represent the mean state of springtime arctic haze, and their simulated scattering properties agreed very well with those measured by Heintzenberg [1980] . Figure This haze model allows for particle coating (e.g., two concentric spheres of insoluble core covered by sulphuric acid) and mixing (i.e., external and internal) as well as growth depending on available water vapor. These features, in turn, are expected to alleviate somewhat the assumption of sphericity in shape. The concentrations of arctic haze in summertime are far less than those in springtime, and we have limited the spectral optical depth to lie between 0.05 and 0.15, which is consistent with available observations [e.g., Shaw, 19821.
Arctic Stratus Clouds
Another important feature in the summertime Arctic is the persistent occurrence of extensive layers of stratus clouds. Using data from the Arctic Stratus Clouds Experiment conducted over the Beaufort Sea in June 1980, Tsay and Jayaweera [1984] documented the physical characteristics of these stratiform clouds.
Summertime arctic stratus clouds consist mainly of spherical water droplets. Tsay and Jayaweera [1984] found that the liquid water content generally increased with height inside the cloud, as a result of an increase in drop size rather than concentration.
The drop size distribution near the base was monomodal, characteristic of condensation on a nucleus spectrum, but changed to bimodal near the cloud top perhaps due to mixing of dry air entrained from above. We have adopted a size distribution, as shown in Figure Id , obtained at the middle of a relatively thick cloud layer to represent the mean state of arctic stratus clouds. This particular cloud had a liquid water content of 0.33 g m-3, and a corresponding optical depth of about 36 in the ultraviolet-visible part of the spectrum.
3. ATMOSPHEEUCRADLGIONMODEL
Atmospheric Profiles and Boundary Conditions
In the following model simulations, we adopted the pressure and ozone density profiles of the sub-Arctic summer atmosphere from the compilation of McCZatchey et al. [1972] . The pressure dependence is used to compute the column density of air required to determine the molecular (Rayleigh) scattering.
In the spectral range of interest here, absorption by trace gases other than ozone is relatively unimportant. Figure 2 shows the ozone vertical distribution (solid curve) with a total column content of 350 DU (Dobson unit) and about 10% of this amount (34 DU) contained in the troposphere.
Satellite Figure  2 as the dash-dotted (280 DU) curve mimicking the shape of the antarctic ozone depletions [e.g., Solomon, 19881. To examine the impact of increasing the tropospheric ozone content at the expense of the stratospheric component, two additional profiles are shown in Figure 2 : the dashed curve was obtained by redistributing ozone from the stratosphere to the troposphere in the original sub-Arctic summer profile, while the dotted curve corresponds to a similar redistribution for the depleted curve. It should be noted that the total column ozone abundance was constrained to be unaffected by this redistribution.
It has been reported [Bruhl and Crutzen, 1989 and references therein] that the summertime tropospheric ozone in Europe has increased by about 60% from 1967 to 1982. We have increased the tropospheric ozone by about 50% (about 15 DU) in the two redistribution profiles shown in Figure 2 (total 50 DU for the dashed curve and 48 DU for the dotted curve in the troposphere).
A 
Spectral Resolution
We have adopted the absorption cross-section of ozone and molecular oxygen, as shown in Figure 3, In region 1 (175-290 nm) there is an ozone absorption peak, overlapping with absorption by molecular oxygen.
In region 2 ranging from 290 nm to 315 nm (UVB) ozone absorption decreases rapidly with wavelength.
Region 3 covers the UVA spectral range between 315 nm and 400 nm. In region 4 (400-700 nm), the relatively weak ozone absorption in the Chappuis band occurs. Stamnes und Tsay [1990] have discussed the spectral resolution required to obtain adequate accuracy in computations of UV dose, atmospheric warming and photolysis rates.
In this paper, we have been quite conservative and adopted a resolution Tsay [1990] . For large solar zenith angles spherical geometry will in general be required.
But to compute mean intensities for solar zenith angles less than 90'. it is sufficient to compute the direct beam attenuation correctly using spherical geometry and then use plane geometry in the multiple scattering calculations [ Dahlback and Stamnes, 19911 . In the present study we have used plane-parallel geometry, which is adequate for the solar zenith angles (75" and less) considered.
We have treated absorption by ozone and molecular oxygen, scattering by air molecules (Rayleigh) as well as scattering and absorption by particulate clouds in the model. Figure 4 shows the vertical structure of model atmospheres consisting of four different "cloud" layers embedded in a background clear sky atmosphere as follows: a stratospheric aerosol layer between 13 km and 23 km, a cirrus cloud layer between 5 km and 8 km, an arctic haze layer between 2 km and 4 km, and a stratus cloud layer between 1 km and 1.5 km. Here we follow very closely the procedures for spectral averaging and integration presented by Stamnes and Tsay [1990] for computation of biological UV dose, atmospheric warming and photolysis rates.
RESULTS AND DIXUSSION
Biological UV Dose Rates
The biological effect of ultraviolet radiation can be conveniently expressed in terms of the UV dose rate defined as a convolution of a biological action spectrum with the n-radiance spectrum. The actual UV dose is then obtained by integrating the dose rate over the time of exposure. Four different types of action spectra [Stamnes and Tsay, 1990 and
references therein] are shown in Figure 5 : a generalized DNA damage spectrum, a generalized plant damage spectrum, an action spectrum for erythema, and a response spectrum for the Robertson-Berger meter designed to approximate the erythema response of Caucasian skin. The major response of these four biological action spectra occurs in the UVB region with a rapid decrease in the UVA spectral range. In the present study we have arbitrarily chosen the action spectrum of erythema for demonstration purposes.
It should be noted, however, that use of a different action spectrum would lead to qualitatively similar results. Table 1 shows the variation in UV dose rate for erythema under various cloud and ozone scenarios.
The results are presented as deviations in percent from the standard case with clear sky and unperturbed ozone content. Computations for two spectral regions are shown: UVB only and UVB plus UVA. Substantial increase in UVB dose rate occurs as a consequence of an ozone depletion.
The addition of UVA makes the damage incurred by an ozone depletion appear much less severe in Of the different clouds considered here the low-level stratus cloud provides the best shield from UV exposure, because strong scattering and enhanced photon path lengths inside the cloud lead to both increased reflection and enhanced absorption by ozone. The changes in ozone profiles considered here have no significant impact in the presence of a thick stratus cloud, especially for the case of 75" solar zenith angle which implies a doubling of the air mass compared to 55" solar zenith angle. When the cloud optical depth is moderate, the variation in biological UV dose rates shows relatively stronger dependence on optical depth (e.g., cirrus cloud compared to stratospheric aerosol/arctic haze) than on altitude and optical characteristics, such as high altitude, nonabsorbing stratospheric aerosol in comparison to arctic haze. We note also that the stratospheric aerosol and the (tropospheric) arctic haze have very similar effects on the UV dose rate when the spectral range from 290 nm to 400 nm is used. But when the integration extends over the UVB range only the non-absorbing stratospheric aerosol may lead to an increase in UV dose for large solar zenith angles, while tropospheric aerosols (arctic haze) result in a decrease (cf. Table 1) .
It has been shown previously [e.g., Bruhl and Crutzen, 1989; Frederick et al., 19891 that an increase in tropospheric ozone content as well as enhanced abundances of other absorbing gases and particulates may lead to a decrease (rather than an increase) in biological UV dose when the total ozone column is depleted. It is quite clear from Tables la and lc (solar zenith angle 55") that a redistribution of ozone from the stratosphere to the troposphere tends to decrease the biologically effective ultraviolet radiation. Depending on atmospheric conditions this decrease ranges from 1% up to 5%. However, when the solar zenith angle increases to 75', the UV dose rate may actually increase by as much as 3% in the UVB region. Stratospheric ozone depletion leads to more ultraviolet radiation (both direct and diffuse) in the troposphere. A redistribution of ozone in which the column content stays fixed does not, however, affect the penetration of direct radiation to the surface, because the total optical depth is unchanged. Thus when the sun is low and multiple scattering important, the diffuse radiation at the surface may increase with a redistribution of ozone from the stratosphere to the troposphere, while the direct beam radiation remains unchanged.
A detailed explanation for this zenith angle dependence is provided below.
The source of the diffuse radiation is the direct beam attenuated radiation which at any level is proportional to exp(-z&o), where z is the vertical optical depth (defined to be zero at the top of the atmosphere) and ~0 the cosine of the solar zenith angle.
If the stratospheric optical depth decreases by an amount 6z as a result of an ozone depletion, then the relative enhancement in direct beam radiation reaching the troposphere is (exp[Gz/@o]-1).
This shows that the relative enhancement increases rapidly with increasing solar zenith angle (decreasing l.~). Thus for a redistribution of ozone from the stratosphere to the troposphere the fate of the diffuse radiation in the troposphere and at the surface depends on two competing factors: (1) increased absorption by tropospheric ozone due to increased path lengths of photons in the troposphere, and (2) enhancement of the source of diffuse radiation in the troposphere due to an increase in the direct beam radiation passing through the stratosphere.
The first factor will lead to a decrease in diffuse radiation at the surface; the second one to an increase.
The latter is strongly dependent on solar zenith angle, while the former is not. This explains why factor (1) dominate for small solar zenith angles (leading to a decrease in UV dose), and factor (2) for larger solar zenith angles implying an enhancement in diffuse ultraviolet radiation reaching the surface and therefore in UV dose.
The percent increase in UV dose per percent decrease in ozone abundance is defined as the amplification factor. For clear sky conditions and a 20% ozone depletion, the amplification factor ranges from 1.35 to 0.95 (decreasing with increasing solar zenith angle) for the 290-400 nm spectral region, and from 2.4 to 3.2 (increasing with increasing solar zenith angle) for the UVB band only.
This shows that the particular type of biological response determines the amplification factor. Thus, an action spectrum with most of the response in the UVB spectral region and little in the UVA region (e.g., the generalized action spectrum for plants shown in Figure 5 ), will have a large amplification factor that will generally increase with increasing solar zenith angle, while an action spectrum with a significant tail in the UVA region (e.g., that for erythema), will have a smaller amplification factor that will tend to decrease with increasing solar zenith angle. When particulate clouds are considered, it becomes more complicated, due to the strong influence by the optical depth.
Atmospheric Warming Rates
The computations of atmospheric warming rates are performed for the spectral interval 175-700 nm, which covers the Hartley and Huggins bands in the ultraviolet and the Chappuis band in the visible part of the spectrum. These bands give rise to the major portion of the solar heating by ozone. A precise definition of the warming rates, as shown in Figure 6 , is given by Stamnes and Tsay [1990] , who also argue that warming rate is a better term for the time rate of change of temperature than heating rate which implies units of energy per unit time. Also, for convenience the unit of time is presented by per day which is a direct conversion from per second.
We start by showing in Figure 6a Figure 6a .
There is strong coupling in the stratosphere between the radiation, chemistry and dynamics. Changes in ozone content may perturb the balance of radiative energy between the absorption of solar radiation (mainly in the ultraviolet and in the visible Chappuis bands) and the emission of terrestrial radiation (i.e., the 9.6 pm band) and thereby alter the atmospheric temperature structure. This alteration in temperature, if any, will in turn influence ozone chemistry through changes in air density and via temperature dependent reaction rates as discussed by Penner and Luther [ 19811. In addition, the dynamical structure of the atmosphere responds to and may be modified by these temperature fluctuations [e.g., Fels et al., 1980; Kiehl and Boville, 19881 which are initiated by radiative perturbations.
If the state of the atmosphere is changed due to the aforementioned mechanisms, one of the least understood ramifications of such changes is the impact of particulate clouds on the radiative heating/cooling.
Moreover, the formation and dissipation of such clouds are strongly influenced by dynamical transport of aerosols, cloud condensation nuclei and water vapor. Therefore, to close this system the inclusion of infrared thermal effects is needed (cf. [1988, 19891 for review) . In this study, however, we limit the discussion to heating by ozone absorption in ultraviolet and visible part of the spectrum. Figure 6b shows the difference in warming rates due to the effects of the four types of particulate clouds considered here with respect to the reference warming rate profile pertinent for the clear sky standard case with an ozone content of 350 DU. There is a large increase in radiative heating occurring in the middle and upper stratosphere (about 0.8 K/d) caused by the strong backscattering of solar radiation by the low-level stratus cloud. Similar results were also found in the studies by Lacis and Hansen [1974] and Edwards [1982] , in which effective albedos were used instead of detailed microphysical models of the particulate clouds in their computations. This heating decreases with decreasing optical depth, except for the spike in the lower troposphere which is caused by absorption of radiation within the arctic haze layer.
WMO
The mid-stratosphere photochemical equilibrium zone is sensitive to the local temperature fluctuations [e.g., Penner and Luther, 19811 and to some extent the natural variations in ozone amount in the lower stratosphere and troposphere are determined by the transport of ozone downward from this region. One immediate question arises: To what extent may the particulate clouds act to offset perturbations in solar energy absorption caused by ozone depletions?
In Figures 6c-6f we show the differences in the warming rate profiles (as compared to the clear sky standard case) for the four types of particulate clouds and the various ozone profiles adopted here. The common feature in these figures is the reduced warming of about 0.3-0.4 K/d in the lower stratosphere regardless of cloud type when a 20% ozone depletion occurs (dotted curve). In the middle and upper stratosphere the situation is different: the changes in the warming rate profiles for an ozone depletion vary in sign with cloud type.
There is less heating for stratospheric aerosol and arctic haze; more heating for cirrus and stratus clouds; and the magnitude of the heating depends on cloud optical depth. The redistributions of less than 15 DU of ozone form the stratosphere to the troposphere (short-dashed and dash-dotted curves) lead to an increase in the warming of a few hundredths K/d in the troposphere, except within the absorbing arctic haze layer.
To construct a first-order picture of the effects of cloudiness on the radiative heating, clouds are often considered as planeparallel.
For broken clouds it has been customary to use an ensemble averaged radiation field consisting of a linear combination of clear sky and cloudy conditions, which may not be very realistic in most cases as pointed out by Stephens [1988] . Arctic stratus clouds are perhaps an exception to this situation in that they tend to be stratified into extensive layers which makes the plane-parallel assumption more justifiable. When the stratospheric ozone content is depleted by 20% as depicted in Figure 2 , we estimate that an increase in cloudiness of about 20% for arctic stratus (or about 70% for cirrus) would be required to offset the temperature perturbations due to solar radiation in the mid-stratosphere.
This estimate was arrived at by linearly weighting the clear sky (-0.15 K/d) and cloudy (+0.6 K/d) warming rates with the cloud amounts. Thus, the enhanced heating in the troposphere and the decreased heating in the lower stratosphere caused by the ozone depletion can not be counteracted by the clouds considered in this study. Therefore, an imbalance of the atmospheric radiative heating by solar radiation is very likely to be the result of these types of ozone depletions.
To achieve a better understanding of this problem we must consider the coupled processes of dynamics, chemistry and radiation including the thermal infrared effects not considered in this study.
Photolysis Rates
Since detailed photochemical studies of ozone and other atmospheric constituents are not the main focus of this study, we shall limit ourselves to consider only photodissociation of ozone to demonstrate the impact that clouds might have on photolysis rates. In this computation we have for convenience assumed the quantum efficiency to be unity, and we have neglected the temperature dependence of the ozone photoabsorption cross section. Photolysis rate (sec.-l)
Thus, for wavelengths longer than 315 nm in the Huggins and Chappuis bands the production of O(3P) occurs as a result of ozone photolysis, while O(lO) is produced for wavelengths shorter than 315 nm (i.e., Hartley bands).
The shapes of the photolysis rate profiles for a given spectral range and a specific solar zenith angle are similar for the four different ozone profiles. We first examine the standard case of 350 DU, as shown in Figures 7a-d , to delineate the effects of different types of clouds on the photolysis rates. For the spectral region 175-315 nm there is virtually no effect caused by the existence of clouds on photolysis rates at altitudes higher than 25 km due to the saturation of ozone absorption for these short wavelengths.
Notable increases in photolysis rates by stratus are evident in the troposphere, caused by absorption due to multiple scattering occurring at wavelengths in the longward tail of the UVB spectral range. When the sun gets lower in the sky (Figure 7c ) the general picture remains unchanged, but the rates are about one order of magnitude smaller in the troposphere, due to the increased photon path length through the atmosphere.
Standard case: 350D.U. Figures 7b and 7d show corresponding results for the spectral interval between 315 nm and 700 nm. In this region of the spectrum the ozone absorption is relatively weak (cf. Figure 3) ; therefore multiple scattering by clouds play an important role.
In the presence of arctic stratus clouds the photolysis rate may increase by 40%-70% throughout the entire atmosphere for a solar zenith angle of 55". However, as the solar zenith angle increases the physical properties of the clouds become more important.
The increased photon path length through the atmosphere may not only decrease the magnitude but also change the direction of the change (increase or decrease) of the photolysis rates below the clouds, depending on their scattering characteristics.
In Figures 7e-7h , we examine the impact of clouds on photolysis rates for the assumed ozone depletion/redistribution scenarios caused by stratus clouds and stratospheric aerosols to emphasize their different effects. Under the high sun (55") and low-level stratus cloud conditions ( Figures  7e-7f ), the photolysis rates increase significantly with the ozone depletion for both spectral ranges (i.e., the production rates of both O[3P] and O[lD] are enhanced).
As might be anticipated, for a redistribution of ozone from the stratosphere to the troposphere, the photolysis rate increases slightly in the stratosphere and decreases in the troposphere. However, when a high altitude cloud consisting of stratospheric aerosols is illuminated by low sun (75"), the resulting effects on the photolysis rates are as expected very different both in magnitude and structure from those of the stratus clouds (Figures 7g and 7h) .
SUMMARY AND CONCLUSIONS
Penetration
of UV radiation through the atmosphere is strongly influenced by atmospheric ozone and particulate matter, notably clouds and aerosols.
Ozone absorbs strongly in the ultraviolet part of the spectrum and weakly in the visible.
Particulate clouds interact significantly with solar radiation throughout the UV and visible region.
This implies that the amount of UV and visible radiation available at any level in the atmosphere or at the surface is to a large extent determined by ozone abundance and cloud conditions. Therefore, quantities depending directly on the radiation field such as atmospheric warming and photolysis rates (and hence dynamics and chemistry)
as well as the ultraviolet radiation reaching the biosphere (affecting human health and ecosystems on Earth), depend sensitively on a number of factors in the Earth-atmosphere system including atmospheric composition and surface reflectivity.
Yet the impact of particulate clouds on the radiation field constitutes one of the least understood elements of the system.
In this paper we have used a model of the arctic atmosphere, including cloud and aerosol properties constrained by available observations, in conjunction with a radiative transfer model to examine the combined effects of clouds and ozone on atmospheric warming/photolysis rates and the penetration of ultraviolet radiation into the biosphere.
We have considered four types of particulate clouds prevalent in the summertime Arctic: stratospheric aerosol, cirrus clouds, tropospheric aerosol (arctic haze), and stratus clouds. Ozone depletion and alterations in the vertical distribution of ozone affect ultraviolet penetration and could have important ecological consequences.
Such perturbations in ozone behavior could also contribute to climate change on a regional and/or global scale by modifying the atmospheric temperature structure and thereby the circulation.
To study these effects, we have adopted a 20% ozone depletion scenario and examined the impact of a redistribution of ozone from the stratosphere to the troposphere.
The biological implications of our study may be summarized as follows: (1) stratus clouds provide a substantial shield from UV exposure;
(2) stratospheric aerosols and tropospheric aerosols (arctic haze) have similar effects on the combined UVA and UVB exposure, but for low solar elevations stratospheric aerosols may lead to an increase in UV dose rate, while arctic haze results in a decrease; (3) a redistribution of ozone from the stratosphere to the troposphere tends to decrease UV exposure, except for low solar elevations where an increase may instead occur; and (4) the percent increase in UV dose rate per percent decrease in ozone abundance (radiation amplification factor) is largest (and tend to increase with solar zenith angle) for biological response heavily weighted towards UVB radiation (e.g., plant response), while biological effects with a significant response to UVA radiation (e.g., erythema) will have a smaller amplification factor that decreases with increasing solar zenith angle.
Atmospheric
warming rates are affected as follows: (1) a 20% ozone depletion scenario and 55" solar zenith angle lead to about 0.4 K/d decrease of warming in the lower stratosphere, and redistribution in ozone to an increase of about 0.015 K/d in the upper troposphere; (2) a low-level stratus cloud may cause a large increase in radiative heating in the middle and upper stratosphere (about 0.8 K/d); (3) absorption of solar radiation in the lower stratosphere depends primarily on ozone content, but for the mid-and upper stratosphere, cirrus and stratus clouds lead to warming and stratospheric aerosols and arctic haze to cooling; 
